Sir2 is a silent information regulator (Sir) protein universally required for transcriptional silencing in the budding yeast Saccharomyces cerevisiae. It forms a complex with Sir4 at the mating type and telomeric loci (Rusche et al. 2003) and interacts with Net1 for silencing of the rDNA locus Straight et al. 1999) . Biochemically, Sir2 deacetylates Lys16 of histone H4 (H4K16) in a NAD-dependent manner (Imai et al. 2000; Landry et al. 2000; Smith et al. 2000) . Sir2 homologs, known as sirtuins, are found from bacteria to mammals. There are five sirtuins (Sir2 and HST1-4) in budding yeast and seven (SIRT1-7) in humans (Brachmann et al. 1995; Frye 2000) . In all eukaryotes studied to date, at least some sirtuins are involved in histone deacetylation. For example, in Schizosaccharomyces pombe, Sir2 deacetylates H3K9, and human SIRT1 deacetylates H3K9, H4K16, and K26 of linker histone H1 (Shankaranarayana et al. 2003; Vaquero et al. 2004) . The catalytic activities of Sir2 proteins are essential for their function in epigenetic silencing, as a hypoacetylated environment is a prerequisite for the formation of a repressive higher-order chromatin structure. Nonhistone proteins have also emerged as important substrates of sirtuins. Notably, substrates for mammalian SIRT1 include peroxisome proliferator-activated receptor-g coactivator 1a (PGC-1a) (Rodgers et al. 2005) , FOXO transcription factors (Brunet et al. 2004; Motta et al. 2004) , and the tumor suppressor protein p53 (Luo et al. 2001; Vaziri et al. 2001) . Consequently, SIRT1 has been implicated in aging, metabolism, tumorigenesis, and neurodegenerative and cardiovascular diseases (Guarente 2011) .
The molecular mechanism of NAD-dependent histone/protein deacetylation by sirtuins has been studied in some depth. Deacetylation of the substrate acetyllysine is coupled with the cleavage of the nicotinamide group from NAD, and the acetyl group becomes covalently attached to the NAD cleavage product to form a novel compound, O-acetyl-ADP-ribose (Denu 2005; Sauve et al. 2006) . Sirtuins share a conserved catalytic core, which comprises a Rossmann fold large domain and a zinc-containing small domain (Finnin et al. 2001; Min et al. 2001; Avalos et al. 2002; Zhao et al. 2003a; Sanders et al. 2010) . The NAD molecule is bound in a cleft between the two domains, with the nicotinamide moiety facing toward the inside of the protein (Min et al. 2001; Zhao et al. 2003b ; Avalos et al. 2004 ). Two possible sites for binding the nicotinamide group, termed the B and C sites, were predicted and confirmed to accommodate the nicotinamide moiety of NAD in the absence and presence of substrate acetyl-lysine, respectively (Min et al. 2001; Zhao et al. 2003b; Avalos et al. 2004) . The structures of sirtuins with substrate peptides reveal that the substrate peptides are bound at the entry of the cleft primarily via hydrogen bonds between main chain atoms of the enzyme and the substrate peptides (Avalos et al. 2002; Zhao et al. 2003b ). The acetyl-lysine of the substrate peptides is inserted into a hydrophobic channel, and, as predicted, the nicotinamide moiety of NAD is forced into the C pocket, where the space is more restricted (Avalos et al. 2004; Zhao et al. 2004 ). Based on this observation, a ground-state destabilization model of NAD-dependent protein lysine deacetylation has been proposed (Avalos et al. 2004 ).
An important unresolved matter concerns the regulation of sirtuin activities. Some sirtuins, including yeast Sir2, HST1, and human SIRT1, contain extra domains important for interaction with other proteins, and the protein-protein interactions significantly impact the activities of sirtuins (Frye 2000; Tanny et al. 2004; Kim et al. 2007 ). Here we focus our study on the interaction between Sir2 and Sir4. Sir2 is a protein of 562 residues containing a highly conserved catalytic domain at the C-terminal end and an ;240-residue N-terminal region without recognizable sequence motifs. Genetic studies showed that the first 93 amino acids of Sir2 are dispensable for silencing function (Cockell et al. 2000) , and the regions flanking the catalytic domain are important for directing Sir2's silencing function to specific genomic loci, most likely by interacting with Sir4 for the mating type and telomeric loci and with Net1 for the rRNA region (Cuperus et al. 2000) . Sir4 is a large scaffold protein harboring binding sites for multiple factors important for transcriptional silencing, including Sir1, Sir2, Sir3, Rap1, and N-terminal tails of histones H3 and H4 (Moretti et al. 1994; Hecht et al. 1995 Hecht et al. , 1996 Triolo and Sternglanz 1996; Moazed et al. 1997; Strahl-Bolsinger et al. 1997) . The Sir2-binding site is located at the C-terminal half of Sir4, within a region encompassing residues 745-1172 (Moazed et al. 1997; Tanny et al. 2004) . Interestingly, Sir4 binding significantly stimulated the deacetylase activity of Sir2 in vitro, whereas no such effect was observed with the binding of Net1 (Tanny et al. 2004) . The stimulation of Sir2 activity appears to be through an allosteric mechanism, as interaction with Sir4 involves regions outside of the conserved catalytic domain of Sir2 (Cockell et al. 2000) . An analogous phenomenon is also observed with mammalian SIRT1-its interaction with AROS enhances its NAD-dependent deacetylase activity (Kim et al. 2007 ). Modulation of sirtuin activities can have profound biological effects, yet the molecular mechanisms of allosteric regulation of sirtuin activities remain unknown.
To understand the structural basis for Sir2-Sir4 interaction and the molecular mechanism of stimulation of the histone deacetylase activity of Sir2, we determined the structure of a Sir2-Sir4 complex. The cocrystal structure pinpointed specific Sir2 and Sir4 residues important for their interaction and uncovered an allosteric mechanism of Sir2 activation.
Results

Overall structure
By systematic deletion and pull-down experiments, we narrowed down the Sir2 interaction domain (SID) in Sir4 and cocrystallized a fragment encompassing residues 737-893 (Sir4 SID ) in the presence of NAD, with a large fragment of Sir2 lacking only 86 nonfunctional residues at the N terminus (Supplemental Fig. S1 ). The structure was solved by the selenomethionyl (SeMet) multiwavelength anomalous dispersion (MAD) method, and the final 2.9-Å model was refined against a data set collected from a C543S mutant of the Sir2 fragment (Table 1 ). The structure shows that Sir2 consists of a C-terminal catalytic domain (Sir2C, amino acids 237-555) and a helical N-terminal domain (Sir2N, amino acids 101-236), arranged in a horseshoe shape (Fig. 1A,B) . The two domains are independently folded. The catalytic domain structure is highly conserved among sirtuins from archaea to mammals (Sanders et al. 2010) ; it consists of a Rossmann fold domain and a smaller zinc-containing regulatory domain (Fig. 1A) . The NAD-binding site is located in the cleft between the two domains. An ADP ribose (ADPr) molecule is bound in this cleft, even though NAD was used for cocrystallization. This is a common phenomenon in sirtuin-NAD complexes, probably due to hydrolysis of the nicotinamide group of NAD during crystallization. Five a helices form the compact core of Sir2N. A threeresidue segment N-terminal to a1 (amino acids 119-121) and a 21-residue loop connecting a4 and a5 (amino acids 189-209) are disordered and located next to each other on the Sir2N surface distal from the catalytic domain (Fig. 1A) . Apart from covalent joining, the two Sir2 domains, separated between residues 236 and 237, only have limited contact (Fig. 1B) . A key residue involved in interdomain interactions is Arg235, which makes a salt bridge with Asp506, a hydrogen bond with the side chain of Gln492, and two hydrogen bonds with the carbonyl groups of Val490 and Glu504 (Fig. 1B) . The two domains have a calculated total buried surface area of 622 Å 2 (definition: twice the buried surface area on an individual component), which is small for typical protein recognition and indicates dynamic relative positioning of the two Sir2 domains.
In isolation, Sir4 SID does not appear to have a stable structure, as it lacks a hydrophobic core (Fig. 1C) . The main structural feature is a pair of anti-parallel a helices, aA and aB, which are held together by a hydrogen bond between Asn816 of aA and Gln838 of aB, hydrophobic interactions between Leu835 of aB and Ile817 and Ile821 of aA, and weaker van der Waals contacts. Helix aA is connected to a short N-terminal segment (amino acids 743-752) via a long disordered loop (amino acids , and the C-terminal end of aB is connected to a long irregular loop, followed by a short helix (aC) and another long loop. The loose Sir4
SID structure indicates that it may not have a defined structure on its own, and the observed Sir4 SID conformation is stabilized by interaction with Sir2.
Structural conservation and differences
All sirtuins with known structures contain only the catalytic core, whereas yeast Sir2 and Hst1 and metazoan SIRT1s have identifiable extra domains. Comparing the structure of the catalytic core of Sir2 with that of yeast Hst2, a representative structure of eukaryotic sirtuins, shows a conserved overall arrangement of the Rossmann fold and the zinc-containing regulatory domains as well as the architecture of the active/NAD-binding site ( Fig. 2A) . Notably, the NAD-binding site is composed of several connected pockets. In the Sir2 structure, the ribose moiety of the ADPr molecule is situated in a pocket called the B site (Min et al. 2001; Zhao et al. 2003b) , formed by conserved residues, including Phe274, Arg275, and Tyr281 located on the loop (termed the cofactor-binding loop hereafter) connecting the two domains of Sir2C and catalytically important Gln344 and His364 from the Rossmann fold domain (Fig. 2B,C) . The B site is connected to the substrate acetyl-lysine-binding channel, which is formed by hydrophobic residues Phe445, Leu449, and Val476. Curiously, a methionine residue of Sir4, Met747, occupies the substrate-binding channel. When an acetyl-lysine is bound in the channel, the nicotinamide moiety of NAD is pushed into a pocket deep inside the protein called the C site, which is formed by three invariant residues, Ser266, Asn345, and Asp347. The nicotinamide group is cleaved off in the C site (Min et al. 2001; Avalos et al. 2004; Zhao et al. 2004) . A back channel, suggested to be the nicotinamide escape/exchange tunnel, is also found in Sir2C ( Fig. 2C ; Avalos et al. 2004 ).
There are three main structural differences between the catalytic cores of Sir2 and Hst2 ( Fig. 2A ; Zhao et al. 2004) . First, the cofactor-binding loop has a significantly different conformation. The loop region immediately C-terminal to b1 contains a stretch of highly conserved amino acids, forming a GAGVSX 3 GIPXFRX 3-4 GVF sequence motif, where X represents any residue, and V and F represent hydrophobic and aromatic residues, respectively (Min et al. 2001) . Several residues of this motif, such as Phe274, Arg275, and Tyr281, directly interact with ADPr, linking cofactor binding with the conformation of this loop. A variety of conformations of this loop have been observed in sirtuin structures with different molecules bound in the active site (Sanders et al. 2010 ). Thus, the conformational variability of this cofactorbinding loop reflects different modes of NAD/ADPr binding in the active site. Second, an insertion of ;30 residues in Sir2 following the four-cysteine zinc-coordinating motif introduces an extra helix and a long coil, changing the zinc ribbon structure found in other sirtuins into a structural motif resembling the four-cysteine coordinated zinc substructure of a PHD finger, as indicated by a search of structure similarity using the Dali server (Fig. 3A) . Sir2 is crystallized as a homodimer in one asymmetric unit, and the zinc-binding region of Sir2 is involved in self-interaction. However, the physiological significance of this interaction is unclear, as similar interactions were not observed in Fig. 2A) . The above structural features of Sir2 in our Sir2-Sir4 complex are independent of the N-terminal domain of Sir2 or Sir4 binding, as these features are well maintained in the Sir2 structure lacking most of the N-terminal domain residues (Fig. 3B) . The two structures can be superimposed with a root-mean-squared deviation (RMSD) of 0.75 Å using the Ca atoms of the C-terminal domain residues (amino acids 237-555) for alignment. The extra residues belonging to the N-terminal domain of Sir2 in the 2HJH structure form an extended loop structure, presumably due to a lack of a stabilizing core in the crystallized fragment. Curiously, Lys222 in the extended N-terminal loop is bound in the substrate-binding channel, much like authentic substrate lysine residues and Met747 of Sir4 SID (Fig. 3C ). This cannot occur with a folded N-terminal domain of Sir2, as Lys222 is located in the middle of a helix (Fig. 3B ).
Sir2-Sir4 interaction
An analysis of the interaction between Sir2 and Sir4 SID shows that a total surface area of 5433 Å 2 is buried. To put (Figs. 2B,C, 3C ). The significance of this binding is unclear, as serendipitous occupation of the substrate-binding site was observed previously, such as the binding of a methionine in Hst2 (PDB ID: 1Q14) and Lys222 from the unfolded N-terminal domain of Sir2 (Fig. 3B,C) .
Segment II of Sir4 SID encompasses helices aA and aB, and they make exclusive contacts with Sir2N. aA packs against the N-terminal half of Sir2's helix a5, and aB is situated in a wedged area formed by a2 and a5 of Sir2. The interactions between this region of Sir4 SID and Sir2N are mostly hydrophobic, with notable exceptions of hydrogen bonds between Glu837 and Asp810 of Sir4 SID and His148 and Lys222 of Sir2N, respectively (Fig. 4A) .
Segment III (amino acids 840-893) is a long loop with a short helix (aC) in the middle. A stretch of 10 residues at the N-terminal end of segment III continues from aB and makes contacts to Sir2N only. The rest of segment III snakes around the narrow ''neck'' of the interface between Sir2N and Sir2C, making extensive and mostly hydrophobic interactions with both Sir2 domains. Importantly, locus specificity mutants of Sir2 for the mating type and telomeric loci (Cuperus et al. 2000) are all located in the region that interacts with segment III. The mutated Sir2 residues Asp223, Cys233, Arg235, Met485, Gln492, and His502, together with the Sir4 residues involved in interaction with them are shown in Figure 4B . Interestingly, an enhancer of sir one (eso) mutant of Sir2, R139K, is also located in the segment III-interacting region ( Fig. 4B ; Garcia and Pillus 2002) .
Sir4 binding stabilizes Sir2 domains and enhances its enzymatic activity
The limited contact area of the N-terminal and C-terminal lobes of Sir2 prompted us to reason that the two domains may not be stably positioned with each other in the absence of Sir4 SID . To gain an insight into the dynamic behavior of the two Sir2 domains, we carried out a 75-nsec molecular dynamics simulation (MDS) of Sir2 alone and in complex with Sir4 SID , both in the presence of an ADPr molecule. The distance between the centers of mass (COMs) of Sir2 N and C domains was chosen as an indicator of domain movement. Figure 5A shows that, in the absence of Sir4 SID , the COM distance swings violently; in <5 nsec, the distance can change >0.6 nm. Figure 5B shows the superposition of a representative simulated Sir2 structure with that from the Sir2-Sir4 crystal structure. A similar MDS in the presence of Sir4 SID shows that the COM distance changes more gradually and with a smaller range of variations (;0.2 nm) in the entire 75-nsec simulation. Thus, the MDS results support the notion that the two Sir2 domains are dynamically positioned, and the binding of Sir4 SID stabilizes the relative positioning of the two Sir2 domains.
We hypothesized that the stabilization of the two Sir2 domains might have a beneficial effect for its histone deacetylase activity. Indeed, a fragment of Sir4 encompassing Sir4 SID (fragment I+II+III, amino acids 737-897) stimulates the histone deacetylase activity by approximately twofold (Fig. 5C) . A similar degree of stimulation SID segment I is shown in magenta, and Sir2 is shown in white ribbon models. The residue bound in the substrate-binding channel and one preceding and two following residues of the peptide are shown in stick models, and their carbon bonds are colored the same as the corresponding ribbon representation.
by Sir4
SID was observed when tested on a C543S mutant of Sir2 that was used for refinement of the structure or using a Sir4 SID fragment lacking segment I (II+III) (Fig. 5C ). The observed degree of stimulation is somewhat smaller than the approximately fivefold stimulation reported using a much longer fragment of Sir4 (Tanny et al. 2004) . To see whether the domain-stabilizing Sir4 region (segment III) is important for the observed stimulation effect, we made two Sir4 SID derivatives: one missing segment III (fragment I+II), and another missing both segments I and III (fragment II). The Sir2 complexes with these fragments were prepared the same way as for the wild-type Sir2-Sir4
SID complex. The result shows that both Sir4 fragments without segment III lost the ability to stimulate the Sir2 activity (Fig. 5C ). In fact, the binding of these fragments reduced the Sir2 activity somewhat, and the addition of segment III can rescue the activity in a concentration-dependent manner (Supplemental Fig. S2 ), qualitatively in agreement with previous findings (Tanny et al. 2004 ). Furthermore, a MDS calculation with Sir2 SID (magenta) interacts with Sir2 residues important for silencing of mating type and telomeric loci. The involved residues are shown as stick models, where the Sir2 locus specificity residues are shown with carbon bonds colored yellow and labeled with black letters; the carbon bonds of Sir4 residues interacting with the Sir2 locus specificity residues are colored in magenta and indicated with magenta labels. The carbon bonds of a Sir2 eso residue, R139, are colored gray. and the Sir4 SID fragment lacking segment III (i.e., fragment I+II) indicates large movements between the two Sir2 domains (Supplemental Fig. S3 ), reinforcing the notion that interdomain positioning affects the deacetylase activity of Sir2.
Discussion
It is not obvious how the binding of segment III of Sir4-namely, stabilization of the two Sir2 domainsstimulated the activity of Sir2. An examination of the Sir2 structures from MDS shows a dynamic substratebinding channel in the absence of Sir4. Figure 6A shows that in the presence of Sir4 SID , the geometry of the substrate-binding channel remains essentially the same in the crystal and MDS structures. In the MDS structure without Sir4 SID bound, three major changes occurred: (1) Helix a15 is tilted toward segment III of Sir4 SID , (2) the loop forming the ceiling of the substrate-binding channel (loop-sc) moves away from the lysine-binding position, and (3) helix a8 moves down toward the substrate-binding site (Fig. 6B) . As a consequence, two key residues of the substrate-binding channel, Phe445 and His364, undergo major conformational changes, and Gln293 on a8, which normally is not part of the substrate-binding channel, moves in and completely blocks the substrate-binding channel (Figs. 2B, 6A ,B). It should be emphasized that the MDS structure represents a transient state of the enzyme, meaning that in an ensemble of Sir2 molecules, many conformations of Sir2 can coexist, and some may be in an inactive conformation, such as that in Figure 6 . The MDS results suggest that Sir2 can toggle between active and inactive conformations in the absence of Sir4, and the binding of Sir4 increases the population of Sir2 in an active conformation. The binding of segment I of Sir4 SID may help stabilize the substrate-binding channel but at the same time competes with the substrate for binding to Sir2. Thus, the impact on the enzymatic activity of Sir2 upon the binding of segment I of Sir4 SID is difficult to predict. On the other hand, the binding of segment III of Sir4 SID does not interfere with substrate binding and stabilizes the position of a15, which should favor an active conformation of the adjacent loop-sc. The results of the enzymatic activity assays clearly indicate that the enhancement function of segment III overcomes potential inhibitory effects by segment I of Sir4 SID (Fig. 5C) . Therefore, the stabilization of the two Sir2 domains by Sir4 SID couples helix a15 of Sir2 in a conformation favorable for productive deacetylation.
The significance of the Sir2-Sir4 complex structure is twofold. First, it provides the structural basis for Sir2-Sir4 interaction. Previous studies have loosely defined the regions in both proteins required for their interaction, and a set of Sir2 mutants affecting silencing of the mating type and telomeric loci has been identified (Cuperus et al. 2000) . The structure precisely defines the Sir2 and Sir4 regions required for their interaction and directly shows that the Sir2 locus specificity mutants involve residues normally interacting with Sir4. Interestingly, an eso mutant of Sir2, which has no obvious connection to interaction with Sir4, is also located in the Sir4-interacting region of Sir2 (Garcia and Pillus 2002) . It is known that establishment of a silenced chromatin domain in the mating type loci involves a cascade of protein-protein interactions, including the binding of Sir1 to the silencerbound ORC1 and the recruitment of the Sir2-Sir4 complex by the interaction between Sir1 and Sir4 (Triolo and Sternglanz 1996; Bose et al. 2004; Hou et al. 2005; Hsu et al. 2005 ). Thus, a weakened or disrupted Sir2-Sir4 interaction can undermine the Sir1 function of recruiting a histone deacetylase to the targeted chromatin region, and our discovery that a Sir2 mutant affecting Sir1 function is located in the Sir4 interaction region is testimony to the network of protein-protein interaction required for transcriptional silencing in yeast.
Second, our result shows that the multidomain structure of Sir2 provides a means for allosteric regulation of the enzymatic activity by the binding of a modulator protein. Most sirtuins have no obvious extra domains beyond the conserved catalytic domain; notable exceptions are yeast Sir2 and Hst1 and human SIRT1 (Frye 2000) . Hence, the structure of the Sir2-Sir4 complex SID complex. The MDS structure was taken at 62.2 nsec of simulation. For viewing clarity, the MDS Sir4 SID structure is not shown. Sir2 from the crystal structure is colored green and that from MDS is shown in yellow. Segment I of Sir4 SID is colored light blue, whereas segment III, which is shown both in ribbon and mesh representations, is colored magenta. Met747 of Sir4 and Phe445, His364, and Gln293 of Sir2 are shown in stick models. The Sir2 residues are also decorated with dot models. (B) The MDS structure of Sir2 (at 62.2 nsec) without Sir4 SID bound is superimposed with the crystal structure of the Sir2-Sir4 SID complex. The figure was generated from the same viewing direction as in A. The MDS Sir2 structure is colored brown. Sir2 and Sir4 SID fragments from the crystal structure are colored the same as in A. The blue arrows indicate the direction of movement of the relevant structural elements between the crystal and MDS structures.
serves as a first example for understanding how sirtuin activities may be regulated by protein-protein interactions. The structure shows that Sir2 has an independently folded N-terminal domain in addition to the conserved catalytic domain. The structure implicates that the two domains are not stably positioned in the absence of Sir4, and the MDS results confirm the structural prediction. Furthermore, our enzymatic activity assay shows that Sir4 binding per se is not sufficient for allosteric activation of Sir2-it requires the domain-stabilizing fragment of Sir4. MDS shows that the substrate-binding channel of Sir2 can toggle between an open and closed conformation, and Sir4 binding stabilizes the relative positioning of the two Sir2 domains and maintains a crucial helix in a productive conformation. This finding has important implications, as mammalian SIRT1 is also a multidomain NAD-dependent deacetylase, and molecular modeling predicted the presence of a four-helix allosteric domain immediately N-terminal to the Rossmann fold catalytic domain (Autiero et al. 2009 ) and suggested an allosteric mechanism by a small protein, AROS, which binds the N-terminal domain of SIRT1 and stimulates the deacetylase activity of SIRT1 (Kim et al. 2007 ). However, it should be mentioned that Sir4 only exists in S. cerevisiae and its closely related yeasts, such as Kluyveromyces lactis, and no obvious sequence homology is found between the N-terminal domain of Sir2 and the regulatory regions of SIRT1. Nevertheless, the concept that altering the spatial positioning of the regulatory domain in sirtuins can modulate its enzymatic activity may be generally applicable. It would be interesting to find out whether a similar allosteric mechanism is operating in SIRT1.
Materials and methods
Protein expression and purification
The S. cerevisiae Sir2 protein lacking N-terminal 86 amino acids was expressed as a polyhistidine-tagged protein using a pACYCDuet-1 vector. The coding sequence for the Sir2 fragment, together with an in-frame PreScission protease cleavage site at the 59 end, was amplified by PCR and cloned between the EcoRI and SalI sites. A C543S mutant of the same Sir2 fragment, useful for reducing crystal anisotropy, was engineered by PCR. GST-tagged Sir4 fragments (Sir4 SID , amino acids 737-893; I+II+III, amino acids 737-897; I+II, amino acids 737-839; II, amino acids 786-839) were expressed using a pGEX-KG vector (cloned between BamHI and SalI sites). All expression plasmids were verified by DNA sequencing.
Binary complexes of Sir2 and Sir4 fragments were obtained by coexpression in the BL21(DE3) strain of Escherichia coli. Cells with both plasmids were grown in LB medium with 100 mg/mL ampicillin and 34 mg/mL chloramphenicol. Once the cell density reached OD 600 ;0.7, protein production was induced with 0.5 mM IPTG for 16 h at 18°C. Then, cells were harvested by centrifugation and lysed by passing through an Emulsiflex C3 cell disruptor in 10 mM sodium phosphate (pH 7.5), 10 mM imidazole, and 0.25 M NaCl. The homogenate was clarified by spinning at 27,000g, and the supernatant was applied to a Ni-NTA (Qiagen) column pre-equilibrated with the lysis buffer. The His-tagged complexes were eluted with a 0-500 mM imidazole gradient, in 10 mM sodium phosphate (pH 7.5) and 0.25 M NaCl.
Eluted fractions enriched with both proteins were pooled and applied to a glutathione fast flow column pre-equilibrated with 10 mM sodium phosphate (pH 7.5) and 0.25 M NaCl. After extensive washing with the equilibrating buffer, the GST tag was cleaved with the treatment of thrombin for 2 h at 22°C, followed by removal of the His tag by incubation with the PreScission protease for 16 h at 4°C. The tag-free proteins were applied to a Hi-Trap Q column pre-equilibrated with 10 mM sodium phosphate (pH 7.5) and 50 mM NaCl and eluted with a 100-400 mM NaCl gradient. The Sir2-Sir4 complexes were further purified on a Superdex 200 HR column (GE Healthcare) in a buffer containing 10 mM sodium phosphate (pH 7.5), 1 mM dithiothreitol, and 0.25 M NaCl.
Crystallization and structure determination
The purified Sir2-Sir4 SID complex was concentrated to ;20 mg/ mL and was added at a 5:1 NAD:protein molar ratio, and the mixture was incubated for 30 min on ice to allow efficient formation of the Sir2-Sir4 SID -NAD complex. Orthorhombic crystals were obtained at 16°C in 100 mM sodium phosphate (pH 7.5), 0.6 M sodium citrate, and 2 mM dithiothreitol by the hanging-drop vapor diffusion method. These crystals with the wild-type proteins diffracted with a high degree of anisotropy. Introducing the C543S mutation in Sir2 largely overcame the anisotropic problem, and later crystallographic analyses were all done using the C543S mutant of Sir2. To use the MAD method for phasing, SeMet-substituted proteins were expressed in a minimal medium supplemented with SeMet using the metabolic inhibition method. Two sets of three-wavelength SeMet MAD data (one to 3.6 Å and another to 3.1-3.3 Å ) and one 2.9 Å native data set were all collected at the X29A beamline of the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL). All data were processed using HKL2000 (Otwinowski and Minor 1997) . SHELX was used to locate the Se sites, and phasing was carried out using autoSHARP (Vonrhein et al. 2007) and PHENIX (Adams et al. 2010 ). The MAD phased 3.6-Å map allowed unambiguous building of the model of the Sir2 catalytic domain, but assignment of side chains to Sir2 NTD and Sir4 was difficult. The problem was overcome by (1) phase extension to 3.0 Å and (2) locating the position of Leu167 of Sir2 NTD and Leu768 and Leu813 of Sir4 using the SeMet anomalous difference peaks of the Sir2 L167M and Sir4 L768M and L813M mutant complexes. Model building was done with Coot (Emsley and Cowtan 2004) , and refinement was performed using PHENIX. A section of the electron density map is shown in Supplemental Figures S4 and S5 .
NAD hydrolysis assay
Reactions were carried out as described previously (Wang et al. 2008 ) using 31 mM H4 peptide or H4K16 acetylated peptide, 40 mM of NAD + containing 0.02 mCi [4-3 H]NAD + (0.37 Ci/mmol), and 100-150 ng of purified Sir2 or different copurified Sir2-Sir4 complexes. Reactions were incubated for 1 h at 37°C and terminated by the addition of 13.5 mL of 0.5 M sodium borate (pH 8.0) and quenching on ice. Released nicotinamide was extracted by the addition of 0.5 mL of water-saturated ethyl acetate. After vortexing, samples were centrifuged at 16,000g for 2 min. A fraction of the ethyl acetate (0.35 mL) was transferred into 3 mL of Ecoscint scintillation fluid, and the released nicotinamide was quantified in a liquid scintillation counter.
MDS
MDSs were performed using the GROMACS package (version 4.5.3) (Berendsen et al. 1995; Lindahl et al. 2001 ; Van Der Spoel Hess et al. 2008 ) with Amber-ff03 force field (Duan et al. 2003) under constant number, pressure, temperature, and periodic boundary conditions. MDSs were performed on two models: one with the Sir2-Sir4 SID complex and another with the Sir4 SID molecule removed. The two models were separately solvated with the simple point charge (SPC) water model (Berendsen et al. 1981) . A constant temperature of 310 K was maintained using the velocity rescale (v-rescale) (Bussi et al. 2007 ) algorithm with a coupling time of 0.1 psec, coupling the water molecules and the proteins independently to an external bath. The pressure was maintained by coupling to a reference pressure of 1 bar. All bond lengths, including hydrogen atoms, were constrained by the LINCS algorithm (Hess et al. 1997) . Cutoff distances of 14 Å and 9 Å were chosen for van der Waals and Coulomb interactions, respectively. The simulation cell was a rectangular periodic box, and the minimum distance between the protein and the box walls was set to >10 Å to avoid direct interaction between the protein and its own periodic image. Na + and Cl À ions were added to neutralize the modeled systems. During the simulation, the cysteines that coordinate zinc ions were deprotonated. All water molecules and ions in the simulation models were first minimized with the protein structures fixed using the steepest descent algorithm. Then, energy minimizations were performed on the whole systems but with protein main chain and C a atoms fixed, followed by the minimization of the whole systems. The first 100-psec NVT equilibration was carried out to stabilize the whole system to 310 K with the protein atoms fixed. Following that, the second 100-psec NPT equilibration was performed to stabilize the pressure of the whole system with the protein atoms fixed. The rest of the 75-nsec simulation was carried out with the whole system relaxed.
Atomic coordinates of the structure and diffraction data have been deposited with PDB under accession code 4IAO. Structural figures were prepared using Pymol (http://www.pymol.org).
